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Charge Segregation, Cluster Spin Glass, and Super conductivity in Laj 94Srg96CuQOq4
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A %Cu and"*La NMR/NQR study of superconducting’. = 8 K) Lay 04Sf0sCuQ; single crystal
is reported. Coexistence of spin-glass and superconducting phases is found~belsvwrom '¥La
NMR relaxation. ®*Cu and'*’La NMR spectra show that, upon cooling, Cu@lanes progressively
separate into two magnetic phases, one of them having enhanced antiferromagnetic correlations. These
results establish the antiferromagnetic-cluster nature of the spin glass. We discuss how this phase can
be related to the microsegregation of mobile holes and to the possible pinning of charge stripes.

PACS numbers: 74.25.Ha, 76.60.—k, 74.72.Dn

Although La-,Sr,CuQ, (LSCO) is one of the most phase separation can be related to the microsegregation
studied and structurally simplest high- superconduc- of mobile holes in Cu@® planes, and suggest that the
tor, the complexity of its phase diagram keeps increasingluster spin glass is the magnetic counterpart of a pinned,
every year. A striking feature is that, while Néel antifer- disordered, stripe phase: a “stripe glass” [8].
romagnetic (AF) order is fully destroyed by = 2% of The sample is a single crystd~200 mg), grown
doped holes, samples with much higher doping still showrom a solution as described in Ref. [19]. Magnetization
clear tendencies towards spin ordering: measurements have shown a superconducting transition

At intermediate concentrations between Néel and supewith an onset af. = 8 K.
conducting phase®.02 = x = 0.05), a spin-glass phase  We first discuss the NQR measurements. Fi@u nu-
is found [1-3]. There are indications, but no direct evi-clear spin-lattice relaxation rate/®3T, was measured at
dence, that this phase is formed by frozen AF clustershe center of the NQR line shown in Fig. 1(a). The re-
which could originate from the spatiaegregation of  covery of the magnetization after a sequence of saturating
doped holes in Cu@planes: a “cluster spin glass” [4— pulses was a single exponential at all temperatures. The
10]. Strikingly, this spin-glass phase is found to coexistresults are shown in Fig. 1(b) [20]. It is remarkable that,
with superconductivity [10] (see also [11,12]).

Commensurability effects at about= 0.125 (= 1/8) —
and/or subtle structural modifications help restore long-3 [ 8oy Cu NQR & ik (b)
range AF order. This is also understood as a consequenc.s, (a) &% ’
of segregation of doped holes, but here charges ar'g
observed to order into 1D domain walls, or “stripes” [13].
Again magnetic order is claimed to coexist with bulk
superconductivity [14—17].

Clearly, the context of static magnetism and charge VIO TP T i oA .
segregation in which superconductivity takes place is the 30 32 34 36 38 0 200 400 60
central question in this region of the phase diagram [7- v [MHz] TIK]
9,18]. So, a lot should be learned from the microscopic _ [¢~ 42K La NQR i
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nature of the cluster spin-glass phase, which has not bee 3 60K
clarified yet, and from the passage from spin-glass to<
superconducting behavior.
Here, we address this problem through a com-a
prehensive nuclear magnetic resonance (NMR) anc?JC
nuclear quadrupole resonance (NQR) investigation ofZ L e
Lay 94SK.06CuQy, @ compound on the verge of the (under- 16 17 18 19 20 21 0 50
doped) superconducting phagE. = 8 K). In addition v [MHz] T [K]

to the confirmation of coexisting spin-glass and supercong ~ | (2)"5°Cu NOR spectrum. (b) NQRCu 1/7;: this

fjuctipg phasgs, the AF-cluster nature of the SIE)9II’1 glas§tudy (squares) and from Ref. [21] (stars). (éJLa NOR
is microscopically d_emonstrated froiCu and_* La 'spectrum, decomposed into the sum of two gaussians. (d) NQR
NMR spectra. We discuss how the observed microscopit®La 1/T; showing the spin-freezing transition.
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for the same hole concentration and a similar 7., we ob-
tain identical Cu NQR spectra (central frequency, width,
and small high frequency tail from the anomalous “B” line
sites with a localized doped hole [21,22]) and the same
937, vaues as Fujiyama et al. [21]. All of these quanti-
ties are strongly doping dependent. This is a very good
indication of the precision and the homogeneity of the Sr
concentration in our sample x = 0.06 = 0.005. Below
250 K, 1/93T, flattens, and it decreases below ~150 K.
This regime could not, however, be explored since the Cu
nuclear spin-spin relaxation time (7,) shortens drastically
upon cooling, making the NMR signal too small for reli-
able measurements, especialy below ~50 K.

A useful substitute for ©Cu measurements is the NQR
and NMR of *La Although La lies outside the CuO,
planes, it is coupled to Cu?* spins through a hyperfine
interaction, whose magnitude is small compared to that
on %3Cu, leading to along value of '¥7,. A typical *°La
NQR line (3vo transition) is shown in Fig. 1(c). The
asymmetry is perfectly accounted for by a two-Gaussian
fit, which is very similar to that found in stripe-ordered
Lay 4§Ndy4Sro.12CuOy [23]. The existence of two electric
field gradient contributions is related to static charge
inhomogeneities, either directly and/or indirectly through
different tilt configurations of CuQg octahedra.

By comparing the recovery law of the '3°La magne-
tization after saturation of the 2v( transition with that
measured on the 3, transition, it was found that the spin-
lattice relaxation is due to both magnetic and electric field
gradient fluctuations at about 100 K. However, below
75 K, 1/T, increases progressively upon cooling and be-
comes entirely of magnetic origin. As seen in Fig. 1(d),
1/T; increases by almost 3 orders of magnitude with a
peak at T, = 5 K. This behavior is typical of a slowing
down of spinfluctuations, 1/ reaching amaximum when
the frequency of these fluctuations is equal to the nuclear
resonance frequency, here vy = 18 MHz (or equivalently
acorrelationtime 7 ~ 1078 ). Thus, a spin freezing oc-
curs in the superconducting state of La; 94Srg0sCUO;,.

Of course it is crucia for theories to know the
scale, microscopic or mesoscopic, on which both types
of order coexist, but this question cannot be addressed
from our measurements. What is important to stress
is that this result is representative of a homogeneous
x = 0.06 Sr concentration: the value 7, = 5 K is in
guantitative agreement with the carefully established NQR
[6] and uSR phase diagrams [10] of La—,Sr,CuO,
(the characteristic times of NQR and wSR are similar).
Also in agreement with Refs. [6,10] is the high level of
inhomogeneity characterizing the freezing process (awide
distribution of T; values develops below 50 K [24]).

Another important feature, aready noticed in
Refs. [1,4], is that the slowing down starts at about
70 K, in the temperature range where the in-plane re-
sigtivity p,, has a minimum. Thus, charge localization
seems to be a precursor effect of Cu?>* spin freezing.

It is also important to probe the local static magnetiza-
tion in CuO, planes. This can be characterized through
the shift K.. (for Hy || ¢) of the Cu NMR line which
is the sum of a T-independent orbital term K°° = 1.2%
plus a contribution from the spin susceptibility:

g = (Aee *4B) (5:), &
8ccMB Hy

A.. is the hyperfine coupling with on-site electrons, B
is the transferred hyperfine coupling with electrons on
the first Cu neighbor, g is the Landé factor, and (S.)
is the on-site Cu moment, here assumed to be spatially
homogeneous on the scale of the Cu-Cu distance. Since
A, + 4B = 0inL&-,Sr,Cu0Os and YB&aCuz Og—,, ONe
usually has negligible magnetic shift ©*Kspin = 0.

The inset of Fig. 2 shows the ©Cu NMR central line
at room temperature. There are clearly two contributions:
arelatively sharp line with the usual shift K., ~ 1.2%,
and a dlightly shifted, much broader, background. The
perfect overlap of the NMR intensity vsshift plotsat 17 and
24 Tedla asserts that the broadening is purely magnetic,
i.e, itisadistribution of shifts®*KPin. Thisdistributionis
considerable (+2%-3%), exceeding by far anything ever
seen in the cuprates. Also striking isthe T dependence of
the spectrum (Fig. 2). The NMR signal clearly diminishes
upon cooling. The effect is more dramatic for the main
peak, which disappears between 100 and 50 K. At 50 K,
the spectrum is only composed of a background, at least
2 times wider than at 300 K. The shortening of 7, (by a
factor of 2 from 300 to 100 K) accountsfor asmall fraction
of theintensity loss. Some signal is redistributed from the
main peak to the background signal, but part of it isactually
not observed.
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FIG. 2. Main pand: field swept ®*Cu NMR spectra as a
function of T (H || ¢), recorded in the very same experimental
conditions. The relative intensities can thus be compared, after
correction by a 1/T factor due to the Curie behavior of the
nuclear magnetization (thermal variations of the characteristics
of the NMR circuit are much smaller than the effects found
here). Inset: the two contributions of the room temperature
63Cu spectrum at 17 and 24 T.
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It is evident from Eq. (1) that ©KP'" # 0 values are
possible only if (S,) is strongly spatially modulated on
a scale of one lattice spacing, so that the shift for a Cu
site at position (x,y) cannot be written as in Eq. (1),
but contains the sum of terms: A..(S,(x,y)) + B[(S,(x *
Ly))y + (S.(x,y = 1))]. In fact, large values of &3 Kspin
such as found here imply that the local magnetization
is staggered: the cancellation of the A, <0 and B > 0
termsin Eq. (1) is removed by the sign aternation of (S,)
from one site to its nearest Cu neighbors, thus allowing
[S3KSPin| > 0 locally.

The presence of substantial staggered magnetization
is striking. One way to generate such enhanced AF
correlations could be that some localized doped holes act
as static defects in the magnetic lattice, somehow similar
to the substitution of Zn for Cu [25]. However, only
one broadened peak is detected in Cu NMR studies of
Zn-doped YB&Cu;O7-5 (YBCO), while there are here
two well-defined magnetic phases (see also '*°La results
below). Furthermore, there is already some staggered
magnetization at 290 K, where p,;, ismetalliclike, and the
%3 CuNQR B site, which isknown to be related to localized
holes [22], is extremely small here. So, an impuritylike
effect from localized holes does not explain the data.

To our knowledge, the only other situation which could
generate an inhomogeneous staggered magnetization is
the presence of magnetic clusters, such as would be gen-
erated by the finite size hole-free regions. The corollary
of this is the presence of surrounding hole-rich regions.
Their exact topology cannot be inferred here, so we will
call them “domain walls.” In such a scenario, the main
peak, which disappears a low T, corresponds to hole-
rich regions, i.e., where domain walls are still mobile. In
fact, the wall-motion averages out (S.) (spin flips), yield-
ing anarrow central peak. This aso reduces the magnetic
coupling between hole-poor domains. The spatialy in-
homogeneous profile of (S,) within each domain and the
distribution of cluster sizes yield the broad background.
Full localization of domain wallsis likely to restore inter-
cluster magnetic coupling, thus enabling spin freezing. Of
course, there must be significant disorder in the domain-
wall topology, in order to prevent long range AF ordering.
The disappearance of the main Cu peak is compatible
with the localization of walls, which reduces the effec-
tive width of hole-rich regions. Accordingly, this peak
disappears in the temperature region where p,, becomes
insulatinglike. The concomitant growth of (S.) explains
the broadening of the background signal.

The '*La NMR spectra offer a second possibility to
praobe the phase separation in CuO, planes. As shown in
Fig. 3, a second peak emerges upon cooling on the low
frequency side of the spectrum. Qualitatively, we can as-
cribe the new peak to the '*°La nuclei within AF clusters,
as a confirmation of the *Cu NMR spectra.  Similar ex-
periments at 4.7 T show a single peak (not shown), with a
T-dependent asymetry which is well fitted by the sum of
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FIG. 3. '*LaNMR spectra obtained by Fourier transforms of
the spin echo (Hy = 9.4 T, ||¢).

two Gaussians, whose separation is half of that at 9.4 T.
This again proves that the peaks are related to two differ-
ent magnetic environments. Additional magnetic broad-
ening a low T makes the two '*°La peaks unresolved,
and, not surprinsingly, the broadening becomes noticable
below ~70 K, where the spin fluctuations start to slow
down. Again, we stress that macroscopic doping inho-
mogeneities in the sample would not produce such a T
dependence of the relative intensities of the two NMR
contributions. The observed phase separation clearly de-
velops on decreasing temperature.

Furthermore, similar '*°La NMR results have been
recently obtained in La,CuQOy+ s at a concentration where
long range spin and charge ordering are absent [26].
This shows that the results are not unique to our sample.
Rather, phase separation appears to be a general tendency
in these materials. In fact, most striking is probably
the similarity between our '3°La NMR spectra and those
reported in stripe-ordered nickelates [27], although details
differ due to the difference of hyperfine interactions,
doping levels and stripe configurations between cuprates
and nickelates.

A quantitative analysis, such as the comparison be-
tween Cu and '*°La spectra, is however difficult since
a number of Cu nuclei are not observed and hyperfine
interactions are not well known for 13°Lain the paramag-
netic phase. Furthermore, the relation of the '*°La peak
intensity ratio to the relative size of the two phasesis ex-
pected to be much more complex than the value ~1/16
determined by the hole concentration. Many microscopic
details, such as the profile of the spin modulation and the
organization (topology, filling) of the hole-rich region, are
involved. Eveninthe case of Las;3Sr;/3NiO,, with estab-
lished stripe order, the two-peak intensity ratio is not well
understood [27].

Figure 4 summarizes our findings in Lay g4 Srp.0sCuQy:
63Cu and '*La NMR spectra reveal that magnetic phase
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FIG. 4. Experimental summary (stars are data from Ref. [21])
and tentative phase diagram of La 94Sr,06CUO;.

separation develops below room temperature. The data
are best explained in terms of hole-poor regions (AF
clusters are evidenced through an anomalous NMR line)
and hole-rich regions (contributing a more usual line).
In the regime where doped holes are localized (“charge
glass’), the dynamics of staggered moments, probed
by NMR relaxation, slows down. Below 5K, in the
superconducting state, AF clusters are frozen, a phase
called cluster spin glass. Although no direct evidence for
stripelike objects is claimed here, the evidence for their
existence at somewhat higher doping (x = 0.12 [13,14])
does suggest that hole-rich regions are related to charge
stripes that are progressively pinned by random (Sr)
disorder as T decreases. The charge-freeze state would
then correspond to a static disordered stripe phase: a stripe
glass [8,29].

The above conclusions are further supported by the fol-
lowing: (1) the already mentioned similarities with NMR
data in stripe-ordered materials, (2) the fact that even
materials with well-established stripe order tend to have
a glassy behavior [29], (3) the presence of incommen-
surate elastic peaks in neutron scattering for x = 0.06
[30], (4) the two-component angle-resolved photoemis-
sion spectroscopy (ARPES) spectra in the spin-glass re-
gion [31]. This, to our knowledge, first observation of
two-phase NMR spectra in superconducting LSCO opens
new perspectives. Given the similarities between LSCO
and YBCO [10], a NMR reinvestigation of their under-
doped regime is clearly called for.
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